Ninety-six nasal isolates of Pasteurella multocida from swine herds with progressive atrophic rhinitis were characterized by restriction endonuclease analysis (REA) of whole-cell DNA, ribotyping, and plasmid analysis. For REA, bacterial DNA was digested with SmaI and electrophoresed in 0.7% agarose, and fragments were visualized with UV light. For ribotyping, EcoRI-digested and electrophoresed restriction fragrichia coli ribosomal RNA, and visualized by autoradiography. Phenotypes of isolates were toxigenic capsular type D (n = 51), nontoxigenic type D (n = 28), nontoxigenic type A (n = 16), and toxigenic type A (n = 1). Plasmids of various sizes were evident in 92.2% and 17.9% of toxigenic and nontoxigenic D strains, respectively, but were absent from all type A strains. Among the 4 phenotypes, there were 17 REA profiles and 6 ribotypes. For 3 of 17 REA patterns, multiple ribotypes were evident, and several REA types were evident in 5 of 6 ribotypes. Thirty-seven isolates of toxigenic capsular type D from Australian herds were either SmaI type B or C and ribotype 2, whereas 14 toxigenic D isolates from the USA and other countries were more heterogeneous (7 REA types and 6 ribotypes). The fingerprinting results provided evidence in support of the hypothesis of a single source infection in Australia associated with the introduction of breeding pigs from overseas.
Toxin-producing Pasteurella multocida, in combination with other infectious agents and environmental and management factors, play a central role in progressive atrophic rhinitis (PAR) of swine. Toxigenic strains isolated from the upper respiratory tracts of affected pigs usually belong to capsular type D, although toxin-producing type A strains are occasionally detected. Nontoxigenic strains, which are also frequently isolated from the nasal cavity, do not seem to be of major importance in the development of PAR. 4 Conventional methods for characterization of porcine P. multocida typically include capsular typing 2,3 and testing for toxigenicity, 18 but somatic serotyping, 10 antimicrobic resistance profiling, outer membrane protein profiling, 12 and phage typing 16 are also used. Because phenotypic traits are not always consistently expressed and somatic serotyping sera are often not readily available, newer molecular techniques 22 including restriction endonuclease analysis, ribotyping, and plasmid analysis have been used to more specifically identify P. multocida strains isolated from animals. These techniques have been used to compare avian and wild-From the Department of Medicine and Epidemiology, School of Veterinary Medicine, University of California, Davis, CA 95616 (Gardner, Kasten, Snipes, Anderson) , and NSW Agriculture, Elizabeth Macarthur Agricultural Institute, Camden, New South Wales 2570, Australia (Earnens).
Received for publication July 23, 1993. life isolates of P. multocida 1, 19 and more recently to study infections in swine herds. 9, 23 In this study, results of 3 molecular fingerprinting techniques (restriction endonuclease analysis, ribotyping, and plasmid analysis) were compared with phenotypic techniques (capsular typing and toxigenicity) for characterization of nasal isolates of P. multocida from swine. Fingerprinting techniques were used to test the hypothesis that outbreaks of PAR since 1985 in Australia were primarily associated with a single strain of toxigenic type D P. multocida.
Materials and methods
Bacterial isolates. Between 1985 and 1989, P. multocida isolates were obtained from pigs in 24 Australian herds located in the 5 main swine-producing states. Many isolates ( 1-13/herd, median = 1) were obtained as part of investigations of outbreaks of PAR or prevalence studies, and some were previously classified as to capsular type and toxigenicity. 6-8 Toxigenic isolates were detected in 17 (7 1%) of 24 sampled herds. For comparison, P. multocida isolates were also obtained from 19 US herds and from 3 herds in Sweden, Singapore, and Canada. Although the comparison group was a convenience sample, our goal was to obtain strains from a number of different herds and thus provide some indication of the potential geographic diversity of isolates.
Capsular typing. Capsular type (A or D) was determined by hyaluronidase sensitivity and acriflavine autoagglutination tests as previously described. 2, 3, 6 Determination of toxigenicity. Pasteurella multocida strains were tested for toxin production in a cell culture assay using either bovine turbinate cells 6 or bovine embryonic lung cells. 18 Plasmid DNA analysis. A colony lysis technique was used to screen isolates for plasmid DNA by agarose gel electrophoresis as previously described. 11, 15 Preparation and purification of whole-cell DNA. Isolates were grown in 5 ml of brain-heart infusion broth overnight at 37 C with shaking. Cultures were centrifuged at 14,000 x g for 5 min. The pellet was resuspended in TE buffer (10 mM Tris, 1 mM ethylenediaminetetraacetic acid [EDTA]) and recentrifuged for 5 min. The supernatant was discarded, and the pellet was resuspended in 567 µl of TE buffer. DNA was extracted and purified by lysing cells with 30 µl of 10% sodium dodecyl sulfate (SDS), followed by digestion of any residual protein with 3 µl of proteinase K (20 mg/ml). Following incubation for 1 hr at 37 C, 100 µl of 5 M NaCl and 80 µl of 10% hexadecyltrimethyl ammonium bromide (CTAB) were added to the samples. After further incubation at 65 C for 10 min, an equal volume, about 0.7-0.8 ml, of chloroform/isoamyl alcohol (24:1) was added to extract the CTABpolysaccharide complexes. The sample was centrifuged (14,000 x g) for 2 min, and the supernatant containing the DNA was transferred to a fresh microvial. An equal volume, 0.7-0.8 ml, of phenol/chloroform/isoamyl alcohol (25:24:1) was added again, and the sample was recentrifuged (14,000 x g) for 5 mm. Supernatant was transferred to a new microvial, and 360 µl of isopropanol was added to precipitate DNA. The supernatant was discarded after centrifugation, and residual CTAB and NaCl were removed by washing the pellet with 1 ml of 70% ethanol followed by centrifugation. The purified DNA pellet was left overnight to air dry and was resuspended in 90 µl of TE buffer. The final DNA concentration was determined fluorometrically. a Restriction endonuclease digestion of DNA and electrophoresis. Purified bacterial DNA (2.0-2.5 µg) was mixed with 1 µl of restriction enzyme SmaI b in a 30-µl reaction mixture containing buffers recommended by the manufacturer b and 2 µl of 10 mg/ml RNAse. After incubation of the mixture for 1 hr at 22 C followed by 2 hr at 37 C, 5 µl of endonuclease stop mix tracking dye (50 mM EDTA, 0.07% bromophenol blue, 7% SDS, 33% glycerol in distilled water) was added, and the samples were electrophoresed at 30 V for 16 hr in a horizontal slab electrophoresis unit (15 x 15 cm; model HE-99). a The gel was comprised of 0.7% agarose (type I) c in Trisborate buffer (pH 8.0, 89 mM Tris, 2 mM disodium EDTA, 89 mM boric acid). Following electrophoresis, gels were stained with ethidium bromide (1.0 µg/ml) for 20 min, DNA was visualized with shortwave UV light, and the gels were photographed with type 667 Polaroid film. Bacteriophage lambda DNA cut with HindIII was used as a molecular weight marker in all gels.
Southern blotting. For Southern blotting and ribotyping experiments, EcoRI was used instead of SmaI for digestion of DNA, according to the method described above, to produce a large number of restriction fragments for comparison. EcoRI-digested and electrophoresed DNA fragments of P. multocida were transferred to a nitrocellulose membrane a by the method of Southern. 20 On completion of DNA transfer, blots were dried at 80 C for 2 hr in a vacuum oven and stored at 22 C until use. Ribotyping. Ribotyping experiments utilized the method of Stull. 21 Commercial Escherichia coli ribosomal RNA (rRNA) c was suspended in distilled water to a concentration of 0.25 µg/µl, dephosphorylated with calf intestinal phoskinase. 13 The specific activity of the probe was approximately 10 7 -10 8 cpm/µg RNA. Blots of EcoRI-digested whole-cell DNA were prehybridized in hybridizing solution (5 x salinesodium phosphate-EDTA [SSPE], 0.1% SDS, 5 x Denhardt solution, and 1.0 mg of salmon sperm DNA per 10 ml of solution) for 1 hr at 60 C. Hybridization was conducted with the rRNA probe (7.0 x 10 5 cpm/ml of hybridization solution) overnight with temperature reduction from 60 C to 40 C. Following hybridization, blots were washed once in 0.1 x SSPE-0.1% SDS at 22 C and then 3 times at 55 C for 20 min each time. Extent of hybridization of the probe with blotted DNA was analyzed by autoradiography d and incubation at 25 C overnight.
Results
Of the 96 nasal isolates of P. multocida that were used for subsequent fingerprinting, 51 were toxigenic type D, 28 were nontoxigenic type D, 16 were nontoxigenic type A, and 1 was a toxigenic type A.
Plasmid analysis. Plasmids were evident in about half (52/96) of the isolates evaluated. All isolates possessing plasmids were type D.
Restriction endonuclease analysis (REA). Readily distinguishable REA patterns were evident with SmaI (Fig. l) , and 17 distinct patterns were identified among the 96 isolates (Table 1; Fig. 2, lanes A-Q) . With this were less common (17.9%) than in toxigenic D strains.
Of the Australian isolates (n = 20) from herds with progressive atrophic rhinitis, there were 2 ribotypes (1, 3) and 3 REA types (A, D, E).
Fingerprints of toxigenic and nontoxigenic A strains.
Of the 16 nontoxigenic isolates (Table 2) there were 4 REA types (D, F-H) and 3 ribotypes (1, 3, 4) , and none of the isolates had plasmids. The single toxigenic A strain was REA type G, ribotype 3, and did not have a plasmid. This REA profile was also evident among nontoxigenic A strains. The toxigenic A isolate was obtained from a pig with clinical rhinitis that also had toxigenic type D isolates of SmaI type B, ribotype 2. From this herd, 12 isolates of P. multocida were classified as toxigenic D (4), toxigenic A (1), or nontoxigenic A (7), in contrast to 3 other Australian herds, which failed to yield toxigenic A isolates. From these 3 herds, toxigenic and nontoxigenic D isolates were detected in similar numbers ( = 6 isolates of each), whereas 0-5 nontoxigenic A isolates were found. enzyme, isolates had 5-13 DNA restriction fragments, including up to 6 fragments postulated to be plasmid in origin. These more intensively staining fragments varied in size from about 1.0 to 7.8 kb and were only present in the 52 isolates with plasmids.
Ribotype. Six different ribotypes (1-6) were evident (Table 1, Fig. 3 ). Representative results of ribotyping experiments with EcoRI-digested DNA are shown in Fig. 3 . Autoradiographs revealed hybridization of the E. coli rRNA probe with 6 or 7 restriction fragments varying in size from 3.1 to 22.6 kb.
Fingerprints of toxigenic D strains. Among the 51
isolates (Table 2) , there were 10 REA patterns (A-E, J-M, P) and 6 ribotypes (1-6). Plasmids were evident in 47 (92.2%) isolates.
Fingerprints were further evaluated by country of origin (Australia or other countries). Australian strains all had plasmids and were either REA pattern B (34/ 37) or C (3/37), ribotype 2. By contrast, REA patterns B and C were not evident among the 13 isolates from other countries, although ribotype 2 was occasionally (5/14) detected. Isolates from 4 US states (AK, IL, IA, MO) were of ribotype 2, but these isolates had 2 different REA patterns (E, K), which were substantially different from patterns B and C. Among non-Australian isolates, there was also substantial genetic diversity (7 REA types, 6 ribotypes), and plasmids were relatively common (10/14).
Fingerprints of nontoxigenic D strains. Among the 28 isolates (Table 2) , there were 7 REA types (A, D, E, I, N, O, Q) and 4 ribotypes (1, 3-5), but plasmids
Discussion
The purposes of the study were to evaluate the use of REA, ribotyping, and plasmid analysis for fingerprinting of P. multocida strains from the nasal cavities of pigs and to use the techniques to elucidate the epidemiology of PAR outbreaks in Australian swine. Pasteurella multocida is considered to be a common commensal of the upper respiratory tract of pigs, although colonization and isolation rates of the organism may vary among herds. 4 In epidemiologic studies of progressive atrophic rhinitis, toxigenic isolates of P. multocida, particularly those of capsular type D, are of primary interest because they induce osteolytic changes in the nasal cavity and adversely affect health and growth rate of pigs.
In the present study, substantial genomic variability among type D and nontoxigenic A strains was demonstrated. REA of whole-cell DNA indicated much heterogeneity among and within phenotypes. Selection of SmaI for the digests was based on previous fingerprinting studies of avian P. multocida done by 2 of us (RK, KS) 19 and because SmaI also gave readily discemable patterns for swine isolates. Interpretation of the REA profiles of EcoRI digests was difficult because of the extremely large number of restriction fragments and the complex patterns.
Ribotyping produced a more readily interpretable pattern with EcoRI-digested DNA than did REA alone but failed to detect some differences in P. multocida DNA that were evident by REA. Compared with 1 study of avian P. multocidal 19 for which ribotyping and REA profiles agreed perfectly, there was little evidence of a consistent relationship between these methods. For example, some REA types (A, D, E) were repre-Figure 2. Range of restriction fragment patterns of whole-cell DNA obtained from swine nasal isolates of P. multocida after digestion with SmaI. Lanes A-Q are the respective REA types as listed in Table 1 . Lane R contains DNA isolated from lambda phage and digested with HindIII. Numbers on the right represent the number of kilobases of the respective fragments. sented by 2 or 3 ribotypes and most ribotypes (1) (2) (3) (4) (5) Of the isolates in the study, plasmids were evident were represented by 2 or more REA patterns. By con-in the majority of type D strains but were absent from trast, pneumonic type A P. multocida from 2 US swine a smaller sample of type A strains. This finding is in herds were of 2 ribotypes and 4 REA profiles 23 but agreement with those of previous studies that found there was no evidence of multiple ribotypes for any no evidence of plasmids among 156 serotype A isolates REA type. Direct comparisons of our results with that in 2 herds 23 and with the detection of plasmids in type study 23 are difficult because the authors used HpaII D but not type A isolates from Quebec pig herds. 5,9 digests for both REA and ribotyping. Lack of evidence Among 29 isolates from herds in the latter study, plasof a relationship between the 2 fingerprinting systems mid sizes varied by serotype and ranged from 2.56 to could be attributed to the different restriction enzymes 51 kb. In some isolates, R plasmids of size 5.6 and 5.9 used. Different ribotypes occur because of mutation in kb were identified as being associated with streptothe highly conserved rRNA genes, and variation in mycin and sulfonamide resistance. The role, if any, of whole-cell REA types within a ribotype probably re-plasmids in the pathogenesis of PAR is unknown but flects mutation occurring in the entire genome. limited analysis of the antimicrobic profiles (data not shown) of type D isolates in the present study indicated similar antimicrobic sensitivity patterns for isolates with and without plasmids. Because plasmids did not seem to be very useful epidemiologic markers, further plasmid characterization was not done.
Toxigenicity was not directly related to the occurrence of plasmids, a single REA type, or a REA fragment of specific size or to a single ribotype. For example, REA types D, E, and G included both toxigenic and nontoxigenic isolates. The gene (toxA) that codes for production of protein toxin, an important virulence determinant, is located in the chromosome and is not thought to be plasmid borne. 17 Field strains of the same genotype might differ in toxigenicity because of a mutation or the presence of a possible lysogenic phage. 9
Laboratory manipulations of isolates might also influence results of toxigenicity assays. Some toxigenic isolates that were tested were negative or of doubtful toxigenicity after 1 or 2 passages in the laboratory. Because isolates were obtained from a number of laboratories and were not handled identically, the toxigenicity status of some isolates might have been misclassified.
Although there was substantial genomic heterogeneity in toxigenic type D isolates from the USA and other countries, all isolates from 17 Australian herds with PAR were of REA pattern B or C. These patterns varied by only a single band, thought to be a plasmid band of about 1.8 kb (Figs. 1, 2) . The fingerprinting data provided evidence in support of the hypothesis of a common infectious source in Australia with dissemination of infection to multiple herds. Prior to 1984 in Australia, there was no clinical evidence of PAR or isolations of toxigenic type D P. multocida. The first outbreak of PAR was in Western Australia in the progeny of 2 imported sows, but there was apparently limited spread to other states. 14 In 1985, a separate outbreak in South Australia (herd A2, Table 1 ) was associated with importation of pigs from Canada. During the following 2 years, breeding pigs from herd A2 were sold to about 131 herds in 5 Australian states, and about 20% of these herds were later confirmed as infected with toxigenic P. multocida. Dispersals of infected pigs also occurred from these secondarily infected herds to other herds. The source herd (herd A2) was linked either indirectly or directly to more than 90% of herds with toxigenic D isolates and importation of more than 5 pigs from herd A2 was identified as a risk factor for isolation of toxigenic isolates. 7 A toxigenic A strain (herd A7, Table 1 ) was found in the nasal cavity of a pig with toxigenic and nontoxigenic D strains. The source of the toxigenic A strain, which was REA profile G and ribotype 3, was not identified. This is the first report of the detection of a toxigenic A isolate in Australia, but it is unknown whether the isolate had been in the country for some time or had been recently introduced or whether the toxin gene might have been inserted into the chromosome of the A isolate from toxigenic D isolates in the same herd.
In conclusion, for the isolates that were examined there was no simple relationship between phenotypic (capsular type and toxigenicity) and genomic characteristics. There was evidence of genomic heterogeneity among strains of the same phenotype isolated from different herds and also variation within herds. Wholecell REA with SmaI provided a reliable method for further discrimination among different phenotypes of P. multocida isolated from the nasal cavities of swine and for the investigation of outbreaks of PAR. Our data indicate that the REA provided better discrimination of isolates than did ribotyping and avoided the need to use a radioactive probe. Future use of nonradioactive probes for ribotyping, such as those used recently, 23 would facilitate the safer and more rapid characterization of isolates.
